Abstract-HTS wires, which may be used in many devices such as magnets and rotating machines, may be subjected to mechanical strains from electromagnetic, thermal and centripetal forces. In some applications these strains will be repeated several thousand times during the lifetime of the device. We have measured critical current degradation due to repeated strain cycles for both compressive and tensile strains. Results for BSCCO-2223 HTS conductor samples are presented for strain values up to 0.5% and cycle numbers up to and beyond 10 4 .
. The GE four-point bending apparatus. The copper rods on the sides are fixed in position, while the stainless steel rods at the center move up and down to bend the substrate by a programmable electric actuator located at the top of the apparatus but not shown in this figure. Voltage and current leads are flexible copper wires.
by AMSC using the oxide-powder-in-tube (OPIT) technique. Samples were selected from different batches of the HTS wire ordered from AMSC for the 100 MVA HTS generator development. Tape specifications are given in Table I .
B. Measurement Apparatus and Procedure
Measurements have been made using three different facilities located at GE, AMSC and the University of Twente. In all the facilities, the sample of HTS wire is bonded to one face of a stainless steel substrate, and the cyclic strain is applied by bending and straightening the substrate. The GE facility uses a four-point bending apparatus to do this as shown in Fig. 1 . The bending device is controlled by an electric actuator, which pushes the center rods down to a predefined displacement. This four-point bending arrangement gives uniform bending and thus a uniform strain over the length of sample between the inner bending points. The set-up enables the determination of in high strain range ( 1%), depending on the thickness of the substrate and the bending displacement at the center. Critical current is measured at 77 K using the 0.1 criterion with voltage taps spaced 5 cm apart. The procedure is automated by a programmable power supply with a 2 A current step. The is determined by a simple interpolation. The sample strain is monitored by a strain gauge mounted on the surface of the HTS wire. To obtain the relation between and the number of strain cycles N, the cyclic loading was stopped after a certain number of cycles and a V-I measurement was carried out at the predefined peak strain and at zero when the strain was relieved.
AMSC and Twente use a 'bending spring' apparatus similar to that shown in Fig. 2 and described in [1] . In this type of apparatus, the bending is not uniform over the sample, so only a short length (1 cm) is used for measurement.
C. Definitions

Strain limits:
We define failure of the wire as the point where retention falls below 95%. This type of test may underestimate the magnitude of the strain to failure, since the 5% loss of may be due to a small fraction of the filaments near the outer surface of the wire that experience a higher strain than the rest of the wire. For data analysis the strain is taken at the mid-plane of the HTS wire.
Zero strain: the strain condition of a wire at 77 K after cooling without mechanical restraint. During measurements this condition is approximated by bonding the wire to a stainless steel substrate. (The CTE of stainless steel is well matched to that of the wire.)
Cyclic strain: mechanical strain applied to the HTS wire by repeated, monotonic transitions between two strain values. The wire is maintained at a constant temperature during the cycling. A single strain cycle consists of a transition from the start point to the end point and back to the start.
III. RESULTS
Results to date are plotted in Fig. 3 , which shows retention under tensile and compressive cyclic strains. To determine the strain limits corresponding to 5% degradation, the measurements were carried out focusing on the tensile and compressive strains at which the 5% degradation was observed. These strains are around 0.15% and 0.38% (negative values denoting compression). The open symbols in the figure represent retention after 100 cycles, and the shaded symbols represent satura- tion, which means no further degradation is observed when the number of cycles is increase more than 1000. Typically, saturation was observed after 100-300 cycles, as we shall discuss in next sections. All of the runs at GE continued to cycles; most runs at Twente continued to cycles. The error bars indicate one standard deviation of the values after saturation. As shown in the figure, the behavior of the tape under compressive and tensile cycles is different, and we shall therefore discuss them separately in more detail.
A. Tensile Strain
The behavior of the HTS tape under tensile strain cycles is as shown on the right hand side in Fig. 3 . Up to a strain of 0.36%, the remains almost constant or has very small reduction. Larger strain results in a dramatic reduction of to lower than 0.92 at 0.38% strain. This suggests that the peak tensile strain that the wire will experience in any application should remains lower than 0.35% with an adequate margin when such an HTS conductor is used.
The retention of the within tensile strain cycles of different magnitudes is shown in Fig. 4 . The square dots are the data measured at the peak strain of the cycle, while the diamond dots were measured after the strain was relieved to zero. As expected, the reduction is larger at peak strain than at zero. These results are similar to those described of many BSCCO/Ag conductors without stainless steel reinforcement [1] , [2] . In the strain range between 0.2 to 0.35%, we found that the degradation saturated by 100 cycles. This indicates that, if we meet specifications for 100 cycles, we automatically meet the less stringent spec at cycles.
A total of 19 samples were measured under tensile strain cycles. The critical strain follows a normal distribution. The mean value and the standard deviation were calculated as shown in Fig. 5 .
To analyze the variation of the HTS wire batch to batch, samples were randomly selected from 4 different spools of the wire from AMSC. Table II shows the statistical data of each batch.
To compare the measurements made at different locations with different facilities, we did a statistical analysis of the critical strains obtained by GE and ASMC as shown in Table III . The results are consistent. Fig. 4 . A typical I degradation as a function of tensile strain, the square dots are the data measured at the peak strain of the cycle, while the diamond dots were measured after the strain was relieved to zero. Fig. 6 shows degradation observed during a typical repetitive run of compressive strain cycles. It is interesting to notice that the degradation is smaller at the peak compressive strain than that at the zero strain. Unlike the case of tensile cycling, reduction is observed even at small strains of 0.08%. The degradation becomes larger with increasing strain. Saturation with cycle number of was seen at higher compressive strain levels (to at least 0.2% compressive). Putting all the measurement data into GE's DFSS toolset, we can build a transfer func- tion between the critical compressive strain for a specific retention at different cycle numbers, and this transfer function is: (1) where is the critical strain for retention, and N is the number of cycles. Substituting 0.95 for in the transfer function, we obtain the predicted strain for 95% Ic retention at 100 cycles and 10 000 cycles. Table IV gives the predicted critical strains and their standard deviations.
C. Cycling at Room Temperature (Tensile)
Spin tests are carried out to balance a rotor at room temperature during rotor assembly. Tensile strain results from the centrifugal loading. It is therefore important to know if strain cycles at room temperature affect the HTS wire performance.
Room temperature cyclic testing was carried out at GE. Samples were cycled 100 times to a fixed strain, the strain was then increased in 0.01% steps and the cycles repeated until 95% retention was observed. An measurement was made initially and then after every 100 cycles. It was observed that the mean critical strain at room temperature is 0.254%, which is smaller than the 0.38% observed at liquid nitrogen temperature, and the standard deviation is 0.020% (Fig. 7) .
IV. CONCLUSION
1.
The fatigue behavior of of BSCCO HTS wire was investigated under tensile and compressive load at liquid nitrogen temperature and at room temperature. Fig. 7 . Ic degradation as a function of tensile strain tested at room temperature. Samples were cycled 100 times at a fixed strain.
2.
The measurements that were carried out at three different locations with different test facilities gave consistent results.
3.
The degradation is less than 5% after a) 100 cycles of 0 to 0.35% tensile strain or 0 to 0.2% compressive strain; and b) 10 000 cycles of 0 to 0.21% tensile strain or 0 to 0.15% compressive strain.
4)
A transfer function for compressive regime was developed from the data obtained in the compressive cyclic tests. It was used to determine critical compressive strain for 95% Ic retention at and cycles.
5)
For tensile strains, a dramatic degradation is observed around 0.36%. This suggests that margin should be kept in tensile strain for application design.
6)
Ic degradation saturated by 100 cycles in the strain range between 0.2% and 0.35%. Therefore, to characterize the Ic performance at cycles or higher, a 100 cycle test is sufficient.
